Background
==========

*CKX* genes belong to a small family of genes coding cytokinin dehydrogenase, which metabolizes cytokinins in plants. In *Arabidopsis* the genes differ for tissue and organ-specific expression \[[@B2]\] and CKX enzymes showed various biochemical properties and subcellular localization \[[@B2],[@B3]\]. Spatial and temporal differences in expression may contribute to functional differentiation \[[@B1],[@B4]\]. The expression of *HvCKX1* was highest in the roots and developing spikes of barley. The transcript reduction in these organs (via RNA-mediated gene silencing) resulted in higher plant productivity and mass of the roots \[[@B1]\]. The role of the other *HvCKX* genes in barley is poorly understood. Two of them, *HvCKX2* and *HvCKX3,* were cloned and the expression of one caused a cytokinin-deficient phenotype in the heterologous host plants of tobacco \[[@B5]\]. Full-length *OsCKX2* homologues of barley *HvCKX2.1* and *HvCKX2.2* were characterized with a comparative analysis \[[@B6]\].

Barley is fourth among important cereal species with respect to worldwide production. It has also been suggested as a valuable diploid cereal model in genetic studies as well as in Poaceae biology \[[@B7],[@B8]\]. The newly developed biotechnological tool of gene silencing by means of RNA interference makes it possible to knock out or essentially decrease the expression of selected native genes to analyze their function. The efficiency of gene silencing essentially increased with the application of self-complementary "hairpin" hpRNA cassettes \[[@B9]-[@B11]\]. For this purpose silencing cassettes containing fragments of the gene of interest in sense and antisense orientation separated by an intron are introduced into the plant genome by genetic transformation. During transcription, a double-stranded hairpin RNA (hpRNA) is formed and recognized by the plant machinery to induce a silencing signal, which is short interfering RNA (siRNA). The homology of siRNA to any transcript, for example the mRNA of the gene, initiates the degradation process and posttranscriptional gene silencing (PTGS). Nowadays, this is the best way of obtaining the "mutant"/changed phenotype for analysis of gene function and plant improvement, especially for species with large genomes, like cereals, for which real mutants are for most of the genes unavailable \[[@B1],[@B4],[@B12]-[@B15]\].

There are two basic methods of cereal transformation: indirect and direct. The indirect method is based on the introduction of the plasmid-carrying gene construct/silencing cassette to the plant cell by means of *Agrobacterium*. The direct method uses microprojectile bombardment (biolistic or particle bombardment method). The *Agrobacterium*-mediated method is recommended as the method of choice, because of the introduction, in most cases, of one copy of a non-rearranged or slightly rearranged transgene. However, the efficiency of the method for monocots is still unsatisfactory. The biolistic method was the first one developed and applied in cereals. However, after years of research the disadvantages of the method seemed to be more limiting than that mediated via *Agrobacterium*\[[@B16],[@B17]\]. The most distinctive is the presence of multiple copies of the introduced gene with large rearrangements. An epigenetic consequence of the physically and genetically destructive biolistic method might be the somaclonal variation, which reflects the adaptation process of cells to a different environment \[[@B18]\]. Krizova et al. \[[@B19]\] suggest that epigenetic changes associated with dedifferentiation might influence regulatory pathways mediated by the trans-PTGS processes. Both pathways of silencing by PTGS and transcriptional gene silencing (TGS) might be influenced by environmental and developmental factors \[[@B20]\]. All the unprofitable effects influence transgene cassette expression, which is the main problem in the application of genetic transformation.

The advantages and disadvantages of both indirect and direct methods have already been evaluated in many species, including the model for cereals, rice \[[@B21]\] and barley \[[@B22],[@B23]\]. In most of the papers the comparison of both methods was based on the expression cassette containing some marker or reporter transgenes. We compared the silencing effect of one native gene of barley, *HvCKX2*, directed by the same silencing cassette but introduced by the *Agrobacterium*-mediated and biolistic method. In both methods the same selection cassette was used as well.

We found that the method of genetic transformation used for the silencing of developmentally regulated genes strongly influenced the plant phenotype. The advantages of *Agrobacterium*-mediated transformation in this process were proven. Silencing of the *HvCKX2* gene via *Agrobacterium*, as in the case of *HvCKX1*, determined organ-specific changes resulting in higher productivity of the modified lines.

Results
=======

Transformation efficiency via biolistic and *Agrobacterium*-mediated method
---------------------------------------------------------------------------

In total, 9 putative transgenic plants were selected from 934 immature embryos of Golden Promise and Scarlett after biolistic transformation. Six of them were confirmed as transgenic, giving the transformation efficiency of 1.59% and 0.16% respectively (Table [1](#T1){ref-type="table"}). The *Agrobacterium*-mediated transformation of 1036 explants of Golden Promise and 869 immature embryos of Scarlett resulted in obtaining 36 transgenic plants of the first cultivar with a mean transformation efficiency of 3.47% and only 1 plant of the second cultivar (0.12%). The transformation efficiency of Golden Promise after biolistic transformation was more than twice as low compared with the *Agrobacterium*-mediated transformation (1.59% and 3.46%, respectively). These data for the cultivar Scarlett were very low (0.16% and 0.12%) and the differences were not significant.

###### 

**Number of explants, selected plants and lines, and transformation efficiency after biolistic (experiment 2) and*Agrobacterium*-mediated transformation (experiments 4--6) with the silencing cassette/vector and an empty (pMCG161) vector as a control**

  **Biolistic transformation**                                                                           
  --------------------------------------------- --------------- ---------- ----- ----- -------- -------- ------------------
  Golden Promise                                2\. CKX2 line   314        189   96    6        5        **1.59 (±1.24)**
  Scarlett                                      2\. CKX2 line   620        414   30    3        1        **0.16 (±0.59)**
  ***Agrobacterium*-mediated transformation**                                                            
  Golden                                        4\. pMCG/CKX2   421        186   387   36       28       6.65
  Promise                                       4\. pMCG161     100        57    63    4        3        3.00
                                                5\. pMCG/CKX2   75         68    106   5        4        5.33
                                                6\. pMCG/CKX2   440        57    4     1        1        0.23
                                                Total           **1036**               **45**   **36**   **3.47 (±2.82)**
  Scarlett                                      4\. pMCG/CKX2   507        142   2     1        1        0.20
                                                6\. pMCG/CKX2   237        52    0     0        0        0
                                                6\. pMCG161     125        11    0     0        0        0
                                                Total           **869**                **1**    **1**    **0.12 (±0.12)**

The integration of silencing for the *HvCKX2* cassette and selection cassette containing *bar* under the control of Ubi1 intron promoter in T~0~ and T~1~ plants was tested by PCR with at least three pairs of specific primers. 78% of putative transgenic T~0~ plants and all the tested lines were proved to be transgenic (data not shown).

The productivity of T~0~ plants decreases after biolistic silencing of *HvCKX2* and increases after *Agrobacterium*-mediated silencing
--------------------------------------------------------------------------------------------------------------------------------------

The morphology of silenced, *in vitro* plants (T~0~) was similar to the control plants, and independent of the method of transformation. All of them set seeds. The mean productivity of T~0~ plants, which is expressed as the number of grains and grain yield, the weight and CKX activity in the bulked samples of T~1~ roots of cv. Golden Promise and cv. Scarlett, transformed with a silencing cassette for the *HvCKX2* gene via the biolistic method, is presented in Table [2](#T2){ref-type="table"}. Almost all the data were lower in transgenic compared to control *in vitro* plants in both cultivars. Control, non-silenced plants were obtained in the same conditions of *in vitro* culture. The mean number of grains in transgenic plants was 32% lower in Golden Promise and 51% lower (for one Scarlett plant) compared to the control; grain yield was 39% and 52% lower respectively. Similar lower data were obtained for 1000 grain weight and mean weight of T~1~ roots in transgenic plants of Golden Promise compared to the control. The data of CKX activity for bulked samples of T~1~ roots of Golden Promise were almost the same in the groups of transgenic and control plants and, for Scarlett, substantially higher in transgenic plants. There was no effect of silencing in the T~1~ roots of lines transformed via the biolistic method.

###### 

**Mean productivity of T~0~ plants, the weight and the CKX activity in the roots of cv. Golden Promise and cv. Scarlett transformed with the silencing cassette for*HvCKX2*gene via the biolistic method**

  **Cultivar (number of plants)**   **Number of grains**   **Grain yield (g)**   **1000 grain weight (g)**   **Mean weight of T~1~ roots (mg)**   **Relative CKX activity in T~1~ roots**
  --------------------------------- ---------------------- --------------------- --------------------------- ------------------------------------ -----------------------------------------
  **Golden Promise**                                                                                                                              
  Biolistic (5)                     163.3 ±88.38           4.70 ±3.03            25.6 ±9.29                  38.8 ±13.26                          1.03 ±0.12
  Control (3)                       240.3 ±31.9            7.73 ±1.34            32.2 ±0.59                  44.6 ±2.14                           1.00 ±0.00
  **Scarlett**                                                                                                                                    
  Biolistic (1)                     93                     2.99                  32.1                        36.3                                 2.37
  Control (6)                       191.0 ±42.1            6.18 ±1.05            32.9 ±3.28                  35.4 ±4.97                           1.00 ±0.00

The mean productivity of T~0~ plants, the weight and CKX activity in the bulked samples of T~1~ roots of cv. Golden Promise transformed with a silencing cassette for the *HvCKX2* gene via the *Agrobacterium*-mediated method is presented in Table [3](#T3){ref-type="table"}. Control, non-silenced plants were obtained in the same conditions of *in vitro* culture and selection. The data are from two different experiments, 4 and 5 (see Table [1](#T1){ref-type="table"}), and in both of them the results were higher in the groups of plants transformed with a silencing cassette compared with the control plants. The mean number of grains per plant increased to 163% and 144% and the grain yield was 167% and 135% higher, depending on the experiment. The mean 1000 grain weight was similar for *Agrobacterium*-silenced and control lines, as was the mean weight of T~1~ roots, although in this case only for plants from experiment 4. Additionally, CKX activity in bulked samples of T~1~ roots, obtained after *Agrobacterium*-mediated silencing, in contrast to the data from the biolistic method, was decreased by over 29% compared to the non-silenced control.

###### 

**Mean productivity of T~0~ plants, the weight and relative CKX activity in the roots of cv. Golden Promise transformed with a silencing cassette of*HvCKX2*gene via the*Agrobacterium*-mediated method**

  **Golden Promise (number of plants -- no. of experiment)**   **Number of grains**     **Grain yield (g)**     **1000 grain weight (g)**   **Mean weight of T~1~ roots (mg)**   **Relative CKX activity in T~1~ roots**
  ------------------------------------------------------------ ------------------------ ----------------------- --------------------------- ------------------------------------ -----------------------------------------
  *Agrobacterium*                                                                                                                                                                 
  (28 -- exp. 4) (4 --                                         **148.3**^**p**^ ±43,9   **5.25**^**p**^ ±1.65   35.7 ±7.75                  41.3 ±11.44^8^                       0.58 ±0.37
  exp. 5)                                                      131.0 ±40.7              4.25 ±1.9               33.5 ±14.5                  **23.8**^**p**^ ±2.89                nt
  Control (4 -- exp.                                                                                                                                                              
  4)\*                                                         90.8 ±28.6               3.15 ±1.13              34.2 ±3.97                  38.3 ±8.61                           0.82 ±0.23

\* - plants transformed with an empty (without silencing cassette) pMCG161 vector.

^8^ - tested for 8 lines.

nt - not tested; ^**p**^ -- P\<0,05.

The level of *HvCKX2* silencing and the enzyme CKX activity in the T~1~ progeny differ depending on transformation method
-------------------------------------------------------------------------------------------------------------------------

Up to twelve progeny plants were examined from five biolistic-derived T~1~ lines and seven T~1~ lines obtained via *Agrobacterium*-mediated silencing. The data are related to the controls, assumed to be 1.00 (Table [4](#T4){ref-type="table"}, Figure [1](#F1){ref-type="fig"}). Relative *HvCKX2* transcript accumulation in 7 DAP spikes of biolistic-silenced lines of Golden Promise ranged from 0.24 to 2.83, and for one line of Scarlett from 0.51 to 1.41 (Figure [1A](#F1){ref-type="fig"}, B). Some of the segregating progeny in each line showed significantly decreased relative *HvCKX2* transcript accumulation.

###### 

**Relative CKX activity in developing and fully developed leaves and 7 DAP spikes in T~1~ lines of Golden Promise and one Scarlett line (S) silenced via biolistic and*Agrobacterium*-mediated methods**

  **Biolistic method**                                                                                                           
  ------------------------------------- --------------------- -------------------- ----------------- ------------ -------------- ------------
  4                                     1.35 -- 2.59          1.89 ±0.41           1.06 -- 2.29      1.54 ±0.49   0.65 -- 1.21   1.02 ±0.23
  5\*\*                                 0.78 -- 4.84          2.55 ±1.57           1.01 -- 14.11     3.44 ±3.83   0.40 -- 1.13   0.75 ±0.28
  6\*\*                                 0.28 -- 7.76          3.22 ±2.86           0.61 -- 11.23     3.76 ±3.66   0.80 -- 1.90   1.27 ±0.40
  7                                     0.51 -- 0.85          0.66 ±0.13           0.46 -- 0.76      0.62 ±0.10   1.10 -- 1.54   1.25 ±0.15
  8                                     lack of germination                                                                      
  17 S                                  0.55 -- 1.78          1.01 ±0.44           0.12 -- 1.28      0.89 ±0.49   0.58 -- 1.13   0.70 ±0.22
  ***Agrobacterium*-mediated method**                                                                                            
                                        **Developing leaf**   **Developed leaf**   **Spike 7 DAP**                               
  **Line**                              **Range**             **Mean**             **Range**         **Mean**     **Range**      **Mean**
  411                                   0.64 - 1.09           0.86 ±0.19           0.90 - 1.54       1.14 ±0.26   0.51 - 0.97    0.76 ±0.19
  413                                   0.28 - 1.04           0.74 ±0.26           0.44 - 1.14       0.80 ±0.24   0.69 - 1.12    0.93 ±0.16
  415\*\*                               0.39 -- 1.13          0.70 ±0.25           0.40 -- 1.19      0.76 ±0.27   0.40 -- 1.33   0.90 ±0.28
  426                                   0.23 -- 1.05          0.60 ±0.34           0.34 -- 0.97      0.61 ±0.25   0.58 -- 1.13   0.87 ±0.23
  431\*\*                               0.19 -- 1.08          0.66 ±0.23           0.39 -- 1.54      0.88 ±0.28   0.31 -- 1.44   0.90 ±0.27
  443                                   0.35 - 0.96           0.67 ±0.22           0.42 - 1.39       0.77 ±0.36   0.49 - 1.32    0.81 ±0.33
  444                                   0.60 - 1.21           0.90 ±0.25           0.21 - 1.08       0.56 ±0.32   0.91 - 1.18    1.03 ±0.12

\* -- 5 to 6 plants tested in each line.

\*\* -- 10 to 12 plants tested.

S -- Scarlett line.

Lack of significant differences (P\<0,05).

![**A, B. Relative*HvCKX2*transcript accumulation in 7 DAP spikes of T**~**1**~**plants after biolistic (A) and*Agrobacterium*-mediated transformation (B).**](1471-2229-12-206-1){#F1}

Similar results of relative *HvCKX2* transcript accumulation in 7 DAP spikes were obtained in lines transformed with *Agrobacterium*; again the data for some of the progeny significantly exceeded the control level, 1.00 (Figure [1A](#F1){ref-type="fig"}). The range of data for seven lines was from 0.34 to 3.26. The *HvCKX2* transcript level in at least 1/3 of segregating progeny of lines 411, 413, 426, and 431 was reduced to about 50%.

The relative activity of CKX enzyme was measured in developing and fully developed leaves and 7 DAP spikes in T~1~ plants obtained via biolistic and *Agrobacterium*-mediated methods (Table [4](#T4){ref-type="table"}). The range of the data for developing leaves of four biolistic-silenced Golden Promise lines were from 0.28 to 7.76 and for developed leaves from 0.46 to 14.11. These data in most of the progeny dramatically exceeded the relative activity in the control (1.00). The results of enzyme activity in spikes ranged from 0.40 to 1.90 and some segregated progeny in two of five lines, lines 5 and 17, showed significantly decreased CKX activity. The data in line 17 positively correlated with the lower enzyme activity in the leaves as well as with the lower level of transcript in 7 DAP spikes (Figure [1](#F1){ref-type="fig"} B).

The range of relative CKX activity in the lines silenced via *Agrobacterium* was from 0.19 to 1.21 for developing leaves, from 0.21 to 1.54 for developed leaves, and from 0.31 to 1.44 for 7 DAP spikes. The ranges of data were not so wide and their standard deviation not so high as in T~1~ plants obtained via the biolistic method. The lowest data obtained in all the tested lines suggested an occurrence of segregating progeny with significantly decreased CKX activity in measured organs.

The phenotypic effect of *HvCKX2* silencing mediated via biolistic and *Agrobacterium* transformation in T~1~ plants
--------------------------------------------------------------------------------------------------------------------

The mean productivity, measured as the number of seeds per plant and grain yield, was decreased in four out of five biolistic-derived T~1~ lines (three derived from Golden Promise and one from Scarlett), compared with the control lines (Table [5](#T5){ref-type="table"}). In the case of line 7 the difference for grain yield was statistically significant. The 1000 grain weight in lines 4, 7 and 17 was significantly reduced as well. The mean data for the weight of roots, height of plants and spike number and length were more variable between the silenced lines and the control and there was not any general tendency. Additionally, five plants from line 5 out of twelve tested in two experiments (5/1, 5/3, 5/5, 5/9, 5/10) did not set seeds, three plants from line 6 out of twelve (6/4, 6/9, 6/12) did not grow and one, 6/5, developed only one spike. Most of the seeds in this line did not germinate. All the seeds of line 8 refused to germinate.

###### 

Mean productivity and selected phenotypic characteristics of four Golden Promise T~1~ lines (two experiments) and one Scarlett line, silenced via biolistic method

  **Cultivar / line**               **Disturbed plants (plant number)**            **Number of seeds**   **Grain yield (g)**     **1000 grain weight (g)**   **Weight of roots (mg)**   **Height of plants (cm)**   **Spike length (cm)**   **Number of spikes setting seeds**
  --------------------------------- ---------------------------------------------- --------------------- ----------------------- --------------------------- -------------------------- --------------------------- ----------------------- ------------------------------------
  Golden Promise -- experiment I                                                                                                                                                                                                            
  5\*                               14 -- 22 empty spikes (5/1, 5/3, 5/5)          101.3 ±29.3           2.61 ±0.56              26.2 ±2.74                  90.7 ±19.0                 63.3 ±3.14                  8.5 ±0.57               11.5 ±7.58
  6                                 no growth (6/4, 6/5) one spike (6/6)           112.8 ±74.6           3.68 ±2.56              32.2 ±5.65                  62.6 ±16.5                 58.8 ±6.83                  9.13 ±0.42              6.80 ±3.70
  Control GP I                                                                     123.5 ±47.3           4.28 ±1.24              36.85 ±7.61                 52                         71.28 ±2.80                 8.75 ±5.02              9.03 ±4.80
  Golden Promise -- experiment II                                                                                                                                                                                                           
  4                                 two spikes (4/6)                               192 ±85.38            5.40 ±2.72              **26.6**^**p**^ ±5.62       51.83 ±9.64                83.33 ±3.56                 8.22 ±0.66              13,2 ±9,0
  5                                 15 - 22 empty spikes (5/9, 5/10)               172.50 ±103.78        5.85 ±3.76              33.48 ±1.77                 56.00 ±9.01                76.50 ±3.02                 9.22 ±0.44              13.7 ±5,5
  6                                 no germin. (10 seeds); no growth (6/9, 6/12)   318.25 ±117.84        12.02 ±4.34             37.85 ±2.33                 44.20 ±12.21               82.00 ±1.41                 8.45 ±0.70              12.00 ±3.2
  7                                                                                117.33 ±57.84         **3.46**^**p**^ ±1.99   **29.6**^**p**^ ±9.06       56.67 ±16.12               77.00 ±5.33                 8.82 ±1.18              11.50 ±4.2
  Control GP II                                                                    218 ±66.5             7.85 ±2.40              36.0 ±1.97                  52.7 ±16.6                 80.2 ±4,15                  9.09 ±0.57              12.1 ±2.32
  Scarlett                                                                                                                                                                                                                                  
  17                                                                               126.3 ±81.4           3.73 ±2.58              **27.3**^**p**^ ±6.96       **103.0**^**p**^ ±14.8     58.8 ±11.4                  7.63 ±1.41              8.17 ±3.31
  Control S (3)                                                                    140.0 ±24.5           5.78 ±0.96              41.4 ±0.52                  58.7 ±30,0                 70.0 ±3.00                  8.60 ±0.70              9.33 ±3.21

\* -- 4 to 6 plants in each line; ^**p**^ -- P\<0,05.

As documented in Figure [2](#F2){ref-type="fig"}, T~1~ plants 5/1, 5/3 and 5/5, which showed a lack of setting seeds, did not develop functional anthers. This phenotype was observed again in 5/9 and 5/10 plants of the same line in the second experiment (Table [5](#T5){ref-type="table"}). The size of the anthers was considerably reduced, and there was no pollen production. The relative level of *HvCKX2* transcript in the 7 DAP spikes (Figure [2](#F2){ref-type="fig"}) as well as developing and developed leaves of these plants (not shown) was around 1.00, similar to the control plants. However, CKX activity in young leaves of the same plants ranged from 2.01 to 4.84, and for developed leaves from 1.01 to 4.01. These data of enzyme activity were in the range of data for seed-setting progeny from lines 5 and 6 of Golden Promise lines (see Table [4](#T4){ref-type="table"}). CKX activity in the leaves of these plants was unbalanced and exceeded the level of the control plants. Other data were obtained for CKX activity in 7 DAP spikes. The range for all T~1~ plants of line 5 was from 0.40 to 1.13 (Table [4](#T4){ref-type="table"}). The enzyme activity for individual, non-seed-setting plants of this line were: 0.48 for plant 5/1, 0.40 for plant 5/3, 0.46 for plant 5/5, 0.56 for plant 5/9 and 0.40 for plant 5/10. None of the other seed-setting plants from lines 5 and 6 had such low activity of CKX in 7 DAP spikes (the range was from 0.77 to 1.90).

![**Spikelets with the anthers in control 1/1 plant (first left; A, B) following biolistic-silenced 5/1, 5/2, 5/3 T**~**1**~**plants (A) and in control 1/2 plant following 5/4, 5/5, 5/6 T**~**1**~**plants (B). 5/1 -- 5/6 plants are the progeny from T**~**0**~**5 plant**.](1471-2229-12-206-2){#F2}

There was no problem with setting seeds in all tested 47 T~1~ plants derived from 7 lines silenced via *Agrobacterium* and 28 T~1~ plants, progeny of 4 control lines, or in any other of the thousands obtained via *Agrobacterium* and tested in our laboratory. The mean productivity expressed as the number of grains and grain yield was higher in silenced (via *Agrobacterium*) lines compared with the control lines in both experiments and in all individual lines (Table [6](#T6){ref-type="table"}). The mean 1000 grain yield exceeded the mean control value in four lines. The mean height of 6 out of 7 tested silenced lines was higher from 1.0 cm to 4.5 cm than the mean for the four control lines, which was 60.0 cm (±2.6) and for line 444 the difference was statistically significant. The mean spike length in the *Agrobacterium*-silenced group was only slightly higher, and the number of spikes was from 0.47 to 2.3 higher in 6 out of 7 tested lines compared with the control. This means that silenced T~1~ plants developed from 0.5 to 2 spikes per plant more than non-silenced *Agrobacterium*-transformed control T~1~ plants.

###### 

**Mean productivity and selected phenotypic data of T~1~ control and silenced lines of Golden Promise obtained via*Agrobacterium*-mediated methods in two experiments**

  **Cultivar / T1 line**                     **Number of seeds**   **Grain yield (g)**   **1000 grain weight (g)**   **Weight of roots (mg)**   **Height of plants (cm)**   **Spike length (cm)**   **Number of spikes**
  ------------------------------------------ --------------------- --------------------- --------------------------- -------------------------- --------------------------- ----------------------- ----------------------
  *Agrobacterium*-silenced -- experiment I                                                                                                                                                          
  411\*                                      123.2 ±67.5           3.63 ±1.9             29.9 ±2.9                   50.7 ±8.1                  57.3 ±2.7                   8.15 ±0.74              6.83 ±2.4
  413                                        121.3 ±49.8           4.04 ±1.4             34.1 ±3.6                   66.2 ±13.9                 62.2 ±3.3                   8.88 ±0.13              6.33 ±1.5
  415                                        118.7 ±15.9           3.62 ±0.7             30.4 ±4.9                   105.8 ±38.9                63.4 ±3.7                   8.50 ±0.55              6.67 ±0.7
  426                                        120.8 ±24.4           3.95 ±0.8             32.8 ±2.0                   142.7 ±91.2                63.6 ±1.5                   8.78 ±0.22              6.40 ±1.0
  431                                        110.0 ±20.5           4.14 ±0.8             37.6 ±2.3                   97.8 ±44.8                 63.0 ±1.4                   7.73 ±0.63              7.00 ±1.2
  443                                        125.5 ±22.9           3.75 ±0.9             29.7 ±2.2                   162.8 ±50.2                61.0 ±2.0                   8.00 ±0.52              7.83 ±0.7
  444                                        103.5 ±29.3           3.53 ±1.2             34.1 ±4.1                   108.8 ±29.6                **64.5**^**p**^ ±3.4        8.48 ±0.58              5.83 ±1.3
  *Agro*-silenced                                                                                                                                                                                    
  mean                                       117.5 ±35.4           3.80 ±1.11            32.7 ±4.1                   105.0 ±57.0                62.1 ±3.38                  8.33 ±0.63              6.71 ±1.5
  Control -- experiment I                                                                                                                                                                           
  405                                        96.8 ±19.1            3.00 ±0.6             32.7 ±13.4                  57.0 ±23.2                 57.5 ±2.1                   7.58 ±1.04              5.50 ±1.3
  406                                        111.7 ±33.3           3.35 ±0.7             30.5 ±3.5                   109.5 ±68.6                60.5 ±2.9                   8.34 ±1.08              6.50 ±1.4
  407                                        99.3 ±19.3            3.00 ±0.6             30.3 ±3.6                   141.7 ±26.8                60.0 ±2.8                   8.37 ±0.92              5.83 ±1.2
  408                                        100.3 ±26.4           3.28 ±0.7             32.9 ±2.0                   79.0 ±24.3                 61.0 ±1.5                   8.57 ±0.60              5.67 ±1.1
  Control mean                               102.5 ±24.6           3.17 ±0.7             31.5 ±5.8                   100.4 ±78.5                60.0 ±2.6                   8.27 ±0.91              5.86 ±1.2
  Experiment II                                                                                                                                                                                     
  415                                        268.2 ±74.8           11.12 ±3.2            41.8 ±7.7                   53.8 ±5.4                  **73.8**^**p**^ ±2.6        8.80 ±0.56              15.2 ±3.7
  431                                        294.3 ±86.1           10.82 ±3.4            36.6 ±1.6                   54.2 ±12.7                 79.8 ±4.0                   9.37 ±0.79              15.5 ±3.3
  *Agro*-silenced mean                       281.2 ±78.1           10.98 ±3.16           39.2 ±5.9                   54.0 ±9.30                 76.6 ±4.41                  9.09 ±0.72              15.3 ± 3.3
  Control                                    269.3 ±68.3           10.44 ±2.3            39.0 ±2.2                   55.2 ±4.4                  80.7 ±4.0                   9.20 ±0.53              13.2 ±2.8

\* -- 5 to 6 plants in each line, ^**p**^ -- P\<0.05.

Discussion
==========

Based on RNAi processes, gene silencing has already been proven to be an efficient approach for functional genomics in cereals \[[@B1],[@B4],[@B24],[@B25]\]. The stability of silencing cassette expression as well as directed gene silencing is one of the key requirements for the successful application of transgenic lines in basic research of gene function and agricultural genetic improvement. In this study we applied the posttranscriptional gene silencing process (PTGS) to silenced *HvCKX2* in two barley cultivars by two different transformation methods: biolistic and *Agrobacterium*.

Golden Promise cultivar is widely used in barley biotechnology/functional genomics, because of its susceptibility to *Agrobacterium*-mediated transformation, which was also confirmed in this paper. The second one, cv. Scarlett, showed very low transformation ability. The data obtained for Golden Promise with the *bar* selection system were 3.5% for *Agrobacterium*-mediated transformation and less than half this value, 1.6%, after biolistic transformation. A comparable result for the same cultivar of barley, doubled transformation efficiency with *Agrobacterium* compared to particle bombardment, was obtained by Travella et al. \[[@B22]\]. These results are also in agreement with those obtained for rice \[[@B21],[@B26]\]. The second cultivar tested, expressing very low efficiency after *Agrobacterium*-mediated transformation, also showed very low efficiency after the biolistic method. We might assume that the susceptibility to bacteria was not the only limiting factor for cv. Scarlett transformation. This result is against the hypothesis that genotype dependence of susceptibility to *Agrobacterium* might be the limiting factor in applying the *Agrobacterium*-mediated method, which should not appear in the biolistic method \[[@B27]\].

The silencing of *HvCKX2* by the biolistic method determined low productivity and by *Agrobacterium* high productivity of T~0~ plants. This general tendency of plant productivity was also transmitted to the next generation. Higher productivity was the result of a higher number of seeds and grain yield, higher 1000 grain weight as well as increased (by 7.5%) height of plants and higher (from 0.5 to 2.3) numbers of spikes. We also documented that this higher productivity was correlated with lower levels of *HvCKX2* transcript in 7 DAP spikes and decreased CKX activity in leaves and 7 DAP spikes in the progeny of lines silenced via *Agrobacterium*. The tissues/organs appropriate for analysis were chosen based on temporal and spatial expression of *HvCKX2* measured in developing wild barley cultivars of Golden Promise and Scarlett. These data were highest in 14 DAP spikes, followed by 7 DAP and 0 DAP, as well as in the leaves (not yet published). The phenotypic result of silencing of *HvCKX2* in these tissues via *Agrobacterium* was higher productivity and increased height of silenced lines. These results confirm once again the hypothesis that spatial and temporal differences in expression contributed to functional differentiation \[[@B1],[@B4]\]. The higher productivity might be the result of lower *HvCKX2* transcript in developing spikes and decreased CKX activity. Increased height of silenced plants may be dependent on decreased CKX activity in the leaves, estimated at a high level in the wild plants. Similar results of *HvCKX1* silencing via *Agrobacterium* in Golden Promise, which correlated with the specific organs, were observed in our previous research \[[@B1]\]. The highest expression of the gene in wild-type plants was in 7 DAP spikes, followed by 14 DAP and 0 DAP, as well as in the roots. In that experiment, the silencing of *HvCKX1* led to higher plant productivity as well as higher mass of the roots, although the height of the plants was reduced. The reduced expression of another *CKX* gene in rice, *OsCKX2*, caused cytokinin accumulation in the inflorescence meristems, increased the number of reproductive organs, and increased grain number and yield \[[@B4]\]. It was also documented that halophyte variants of *TaCKX6D1*, a wheat ortholog of rice *OsCKX2*, was associated with grain weight in hexaploid wheat \[[@B28]\]. Newly published research on phylogenic and sequence analysis showed that *CKX1* and *CKX2* are closely related in clade Ia of Poaceae and are physically linked \[[@B6]\]. The authors hypothesized that both genes might have similar functions, which is supported by our earlier research on *HvCKX1*\[[@B1]\] and *HvCKX2* in this paper.

The opposite result of the plant productivity obtained in T~0~ and T~1~ lines, when *HvCKX2* was silenced with the biolistic method, might be explained by somaclonal variation \[[@B29]\]. This term, describing the phenotypic variability among plants of *in vitro* origin, includes genetic and epigenetic modifications \[[@B18]\]. Both types of modifications in biolistic-derived plants are caused by a physically destructive method and integration of many, mostly rearranged copies of a transgene, the result of which is frequently determined transgene silencing \[[@B22]\]. Due to resource limitation, the copy number was not examined in this study. However based on the knowledge from previously published papers \[[@B16],[@B21],[@B22],[@B30]\] the phenotypic differences in lines generated by two transformation methods might be attributed to different copy numbers of transgene integrated to the genome as well as the DNA/transgene rearrangements. In such situations our silencing cassette introduced by the biolistic method might disturb the effect of silencing and the whole phenotype, otherwise visible in the group of *Agrobacterium*-silenced plants. This effect, depending on the method of transformation, might be especially distinct in the case of the silencing of developmentally regulated genes, like *CKX*s. Besides lower plant productivity, it also caused a lack of germination in one line and inability of seed setting in half of the progeny of another line (out of five tested). The primary reason was a lack of functional anthers. This was correlated with the lowered to 50% - 60% CKX activity in 7 DAP spikes and it was not observed in seed-setting plants of biolistic origin. However, lowered CKX activity has also been proven in *Agrobacterium*-silenced lines, where it resulted in higher productivity. The explanation of these differences might be observed, unbalanced CKX activity in the whole biolistic-derived plants -- very high in the leaves and very low in the 7 DAP spikes. This result proved the earlier reported observations in other plant species that *CKX*s respond differently to various stresses \[[@B31],[@B32]\]. The effect of *SBEIIa* silencing on starch metabolism in durum wheat lines obtained with the two methods of transformation, biolistic and *Agrobacterium*, was genotype and protocol independent \[[@B33]\]. However, these results are not directly comparable with ours, because in that report two different cultivars were transformed with one of two methods, the silenced genes influenced only starch metabolism (causing alterations in granule morphology and starch composition, leading to high amylose wheat), and there was a lack of detailed data on productivity, possibly because of the character of the genes tested.

The final effect of the silencing observed in biolistic-derived and *Agrobacterium*-derived plants was also different. The transcript level in segregating progeny of lines transformed by both methods was similar, decreased to 24% (biolistic) and to 34% (*Agrobacterium*), and it was reduced in about 1/3 of plants by more than 50%. The consequence of this reduction of transcript in *Agrobacterium*-derived plants was decreased CKX activity in developing and developed leaves as well as in 7 DAP spikes. Otherwise the enzyme activity for developing and developed leaves of the lines of biolistic origin, especially in cv. Golden Promise, was very high, exceeding the relative level for control lines. This imbalanced effect of the low level of the transcript and very high CKX activity suggest disturbances of developmental processes, which are naturally guided by small RNA at the transcriptional (DNA) and posttranscriptional (RNA) levels \[[@B34],[@B35]\]. Both PTGS and TGS may be influenced by environmental and developmental factors \[[@B20]\]. Such disturbances in *HvCKX2* experimentally silenced by *Agrobacterium* have not occurred, proving the applicability of the method for gene silencing of developmentally regulated genes.

Conclusions
===========

The results of RNAi--mediated *HvCKX2* silencing in T~0~ plants and T~1~ lines obtained by two different methods were contrasting. *Agrobacterium*-silenced lines showed expected lower levels of transcript in the 7 DAP kernels and decreased CKX enzyme activity in the leaves and 7 DAP kernels. The phenotypic effect was higher plant productivity expressed by a higher number of seeds and grain yield as well as plant height. Contrasting data were obtained in lines with *HvCKX2* silenced by the biolistic method. The first effect of silencing, which was a lower transcript level in 7 DAP of segregating progeny, was comparable with that in *Agrobacterium*-silenced lines. However, a decrease of CKX activity in the spikes determined the lack of pollen development and not seed-setting phenotype. Additionally, the activity of the enzyme in the leaves of all Golden Promise progeny was imbalanced, exceeding the level of the control. The final phenotypic effect was a decrease of plant productivity. We suggest that the differences in silencing effect observed in transgenic lines generated by two transformation methods might be the result of different patterns of transgene integration including copy number and/or transgene rearrangements. The limitations of both transformation methods are discussed.

Presented results prove the applicability of *Agrobacterium*-mediated silencing and inapplicability of biolistic silencing for developmentally regulated genes.

Methods
=======

Vector construction
-------------------

The hpRNA type of silencing cassette was constructed in the pMCG161 (<http://www.chromdb.org/mcg161.html>) binary vector. The T-DNA of the vector contained the *bar* selection gene under the control of the Ubi1 intron promoter and two restriction sites for cloning the RNAi construct, separated by a rice waxy intron and driven by the cauliflower mosaic virus 35S promoter. A 259 bp fragment of the *HvCKX2* gene (NCBI accession AF540382.1), which is conserved amongst the *CKX* gene family, was cloned into the pDRIVE vector (Qiagen) and amplified with primers containing restriction sites for cloning: SpeI and SacI, and RsrII and AvrII. The sequences of the primers were: CKX2s 5^′^-TTCGGACCGACTAGTGAGGCGAACTCTGGATA-3^′^ and CKX2a 5^′^-TTCCTAGGGAGCTCAAACTGACCCAGACCACCAAGA-3^′^. After restriction and cleaning, the fragments were ligated to the silencing cassette in the sense and antisense orientation (Figure [3](#F3){ref-type="fig"}). The resulting vector, pMCG/*HvCKX2*, was electroporated to the DH5α strain of *Escherichia coli*. Single colonies were selected on an LB medium containing 35 mg l^-1^ chloramphenicol. After confirmation of correct cloning by restriction analysis with a series of enzymes, the vector was electroporated to *Agrobacterium tumefaciens*, AGL1 strain.

![**The schematic structure of Ubi-intron/*bar*selection cassette and silencing cassette for silencing of*HvCKX2*gene via*Agrobacterium*and biolistic method**.](1471-2229-12-206-3){#F3}

Plant material, *Agrobacterium*-mediated transformation and *in vitro* culture
------------------------------------------------------------------------------

The silencing cassette was introduced into two barley cultivars: Scarlett and Golden Promise, via *Agrobacterium* transformation. Immature embryos were isolated and *in vitro* cultured according to the protocols described by Przetakiewicz et al. \[[@B36]\] and Zalewski et al. \[[@B1]\]. 2 mg l^-1^ phosphinothricin was used for selection during the whole period of post-transformation culture. The culture of the bacterial strain AGL1 and the transformation of barley with pMCG/*HvCKX2* were performed as previously described \[[@B37]\].

Biolistic transformation
------------------------

Immature embryos of Golden Promise and Scarlett plants were transformed by particle-bombardment using a PDS 1000 He device (BioRad) with 1100 psi rupture discs. After isolation from adult plants, embryos were pre-cultured in the dark for 24 h and then were transferred to an osmotic medium containing 0.3 M mannitol for 4 h before bombardment and were cultured on this medium for the next 16 h in the dark. Protocol and media for the transformation method were previously described by Harwood et al. \[[@B38]\]. A line fragment containing selection and silencing cassettes cut with *Hind*III and *Not*I from pMCG/HvCKX2 vector was used for transformation. Gold microprojectiles of 1 μm diameter were suspended in 5 μl of DNA solution (1 μg/μl). 20 μl of 0.1 M spermidine and 50 μl of 2.5 M CaCl~2~ were mixed with particles coated with DNA and then centrifuged for 1 min. Supernatant was removed, and after two further washes with 99.8% ethanol, 3.5 μl of suspension was used for one shot. The conditions and media used for *in vitro* culture and selection (2 mg l^-1^ phosphinothricin) of biolistic-transformed embryos was the same as in the case of *Agrobacterium* transformation.

PCR analysis of T~0~ and T~1~ plants
------------------------------------

Genomic DNA was isolated from the young leaves using a modified version of the CTAB method \[[@B39]\]. Polymerase chain reaction was performed in a 25 μl reaction mixture containing 150 ng of template genomic DNA, 100 μM of each dNTP, 3 μM of each primer, 1 U of DNA polymerase (Invitrogen), 2 mM MgCl~2~, and 1x DNA polymerase buffer. PCR analysis was performed with six pairs of primers. Three of them produced fragments of various lengths from sense and antisense inserts: a 703 bp fragment amplified with pM1,2; a 624 bp fragment with pM3,4; and a 1103 bp fragment with pM5,6 primers on pMCG/*HvCKX2*. Three pairs of qOCS oligos were used for both standard and quantitative PCR. The qOCS oligos primed the amplification of the OCS 3′ terminator fragments of 171 bp (qOCS1,2), 171 bp (qOCS3,4), and 182 bp (qOCS5,6). The sequences of the primers and PCR amplification conditions were previously reported by Zalewski et al. \[[@B1]\]. Each plant was tested with at least 3 different pairs of primers. Transformation efficiency was estimated as the percentage of initial explants giving rise to PCR positive plants. T~1~ lines tested in the experiments were from independent transformation events.

Quantitative RT-PCR
-------------------

The total RNA was isolated from developing leaves and immature kernels 7 and 14 days after pollination (DAP). For leaves a TRI Reagent kit (Applied Biosystems) was applied according to the manufacturer's protocol. The total RNA from the kernels was isolated using a modified version of the TRI Reagent protocol with SDS extraction \[[@B40]\]. Isolated RNA was treated using DNase I Recombinant, RNase-Free (Roche) to minimize the bias in PCR data caused by traces of genomic DNA contamination. The cDNA was synthesized from 500 ng of RNA according to the manufacturer's instructions using a RevertAid First Strand cDNA Synthesis Kit (Fermentas).

For a quantitative analysis of transcript accumulation of the silenced gene, three pairs of primers were designed: qAct1.2 for the beta-actin gene as a reference, qCKX21.2 and qHC2_3,4 for *HvCKX2* as a target gene. The sequences of primers for amplification of the 133 bp cDNA of the reference gene were qAct1, 5^′^-AGCAACTGGGATGACATGGAG-3^′^ and qAct2, 5^′^-GGGTCATCTTCTCTCTGTTGGC-3^′^. The sequences of primers for cDNA of the *HvCKX2* amplification wereqCKX21 5^′^-CGCGGAACTCTGGATAAATGTCTTG-3^′^ and qCKX22 5^′^-AGTTCTGTTCTGGTGAGCAAGTGAC-3^′^; qHC2_3 5^′^- CCATATTGCTCTACCCAGTGAAG-3^′^ and qHC2_4 5^′^-GGTTCTGTGGTGTAGTTTGGAAG-3^′^. Amplification products were 217 bp and 187 bp long, respectively.

The real-time PCR cycling conditions were: 45 cycles with an initial denaturation at 95°C for 10 min, denaturation at 95°C for 30 s, annealing at 60°C for 30 s, and a melting curve at 70--95°C (5 s per step). The relative expression level of the *HvCKX2* gene was calculated according to the ΔΔCt method using the beta-actin gene as a normalizer. The values of three replicates of each sample were used for the calculation. The control lines transformed with the empty vector pMCG161 (*Agrobacterium*) or non-transgenic *in vitro* plants (biolistic) were designed as calibrator samples with their expression values set to 1.00 (control = 1.00).

Analysis of cytokinin dehydrogenase activity
--------------------------------------------

Activity of the enzyme was tested in young, developing and fully developed leaves, 7 DAP spikes and roots from 5-day seedlings. The plant material was powdered with liquid nitrogen using a hand mortar, and extracted with a 2-fold excess (v/w) of 0.2 M Tris--HCl buffer, pH 8.0, containing 1 mM phenylmethylsulfonyl fluoride (PMSF) and 0.3% Triton X-100. Assay was performed according to Frebort et al. \[[@B41]\]. Plant samples were incubated in a reaction mixture consisting of 100 mM McIlvaine buffer, 0.25 mM of the electron acceptor dichlorophenolindophenol, and 0.1 mM of substrate (N6-isopentenyl adenine). The volume of the enzyme sample used for the assay was adjusted based on the enzyme activity. The incubation temperature was 37°C for 1--16 h. After incubation the reaction was stopped by adding 0.3 ml of 40% trichloroacetic acid (TCA) acid and 0.2 ml of 4-aminophenol (2% solution in 6% TCA). The product concentration was determined by scanning the absorption spectrum from 300 nm to 700 nm. The protein concentration was assayed according to the Bradford method \[[@B42]\] with bovine serum albumin as the standard. The measurements of activity were done in triplicate. To calculate relative values, control lines (as above) were designed as a calibrator with the enzyme activity values set to 1.00.

Analysis of phenotypic data
---------------------------

1000 grain weight was calculated by dividing grain yield from each plant by the total number of seeds and multiplying by 1000. Mass of the roots was estimated in 5-day old seedlings, germinated in Petri dishes on wet blotting paper. The roots from each plant were cut 3 mm from the base, dried on blotting paper and weighed. After that they were powdered with liquid nitrogen to perform further analysis and the seedlings continued their growth to develop new roots for four more days. At least 5 to 6 PCR positive plants were tested in each line.

Standard deviations were calculated using the Microsoft Excel 2003 program.

Statistical analysis was done using the Statistica (StatSoft) program. An analysis of variance for normality was calculated using the Shapiro-Wilk test. Homogeneity of variance was verified by Brown-Forsythe test. Tukey's honest significance test for the single-step multiple comparison procedure was used to determine which means were significantly different at the level P \< 0.05 from one another.
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